Abstract: Aiming to improve the performance of free space visible light communication (VLC) system, we combined the use of rotation coding together with geometric shaping (GS) technology in carrierless-amplitude-and-phase (CAP) modulation visible light communication system. In this paper, we designed a new GS-16QAM constellation named Triangular. Triangular GS-16QAM has a better noise resistance due to its larger value of the minimum Euclidean distance. Based on the excellent new 16QAM constellation, we further improve the performance of VLC system utilizing a proposed new coding technology named rotation coding after the quadrature-amplitude-modulation (QAM) mapping. The rotation coding can reduce the overlapping problem of the outer constellation points induced by non-linear impairment. Finally, the upper gain about 1 dB is achieved with rotation coding in 1.2 m free space VLC communication when the transmission speed is relatively low about 80 Mb/s. While the transmission speed is relatively high around 2 Gb/s in CAP-VLC system, Triangular constellation with rotation coding still has positive effect for transmission quality with about 1 dB enhancement than the square 16QAM. All of these results are verified by simulations and experiments.
Introduction
Nowadays, the fifth generation(5G) wireless telecommunication technology has been the research hot spot beyond the current fourth generation(4G) telecommunication technology. To represent the next wave in mobile telecommunication, 5G urgently commands the high capacity, transmission speed and spectral efficiency for better users' experience [1] . Millimeter wave technology is emerged as a promising short-range communication technology to enable gigabit-per-second (Gbps) transmission speed [2] . However, we cannot ignore its high power-consumption and implement cost. As a result, people gradually turn their attention to an energy-efficient and low-cost communication technology, visible light communication. Combining illumination with communication, visible light communication utilizes the cheap light emitting diodes (LEDS) to transmit data, which has the characters requested by 5G, such as potential for Gbps high transmission speed, high capacity. Because of its high security for human, it also a suitable candidate for indoor communication. Therefore, a lot of investigations about indoor visible light communication have been attracted [3] - [6] .
However, limited bandwidth of current commercial LEDs severely influenced the high transmission speed of VLC. To solve the problem, carrierless and amplitude phase (CAP) and discrete multi-tone (DMT) modulation are suggested to apply in VLC system because of their high spectral efficiency (SE). Y Wang achieved aggregate data of 8 Gb/s employing high-order CAP modulation and the hybrid equalizer over 1-m indoor free-space transmission [7] . Cossu, et al. have demonstrated a 5.6 Gbps optical wireless transmission based on DMT modulation [8] . With these advanced modulation format, there is still a substantial gap to the Shannon limit, especially for the low-order QAM constellation [9] . In order to further increase the SE, we are considering employing geometric shaping and rotation coding technology in CAP-VLC system.
Geometric shaping is using nonuniformly spaced constellation with equiprobable symbols to be closed to the Shannon limit [8] . Many works have proved that these advanced capacity-approaching modulation formats have more shaping gain than the normal constellation like normal PSK and QAM. For example, Q. Zhen employed a new constellation named circle 1555 to improve the SNR requirement by 0.3 dB [9] . T. Pfau investigated circle169, which improve received sensitivity by 0.3 dB compared to the square 16QAM constellation [10] . Nonetheless, these GS-16QAM don't have the largest value of minimum Euclidean distance. In our previous work, we designed several novel GS-16QAM with shaping gain of Q factor up to 1 dB. The maximum gain is realized by circle1555. As for Triangular, it has the largest value of minimum Euclidean and potential for better performance. But its high peak to average power ratio (PAPR) and the imbalance amplitude of I/Q components resulted in the sensitivity of nonlinear impairment. This weak point constrains its transmission performance. Considering this, we hope to modify the quasi-coding triangular constellation by rotation coding technology. Constellation rotation is first brought about by J. Boutros for increasing the diversity of the classical QAM constellation [11] . The increase of diversity can produce a significant gain in a few specific channels. For visible light communication, signals will suffer severe nonlinear damages induced by transmission and reception period. It will contribute to the overlapping problem of the outer rings of QAM constellation, which can be observed from the Fig. 6 of ref. [7] . Hence, if we try to combine Triangular and rotation coding technology, it may mitigate the nonlinear impairment to some degree and achieve more shaping gain than the normal constellation. In addition, the performance of square 16QAM constellation employing rotation coding can be enhanced in CAP-VLC system as well.
In this paper, we proposed and demonstrated that the rotation coding for GS-16QAM can further increase its SE in a 1.2 m CAP-VLC system by simulations and experiments First, we analyzed in detail how to choose the optimal rotation angle for rotation coding towards square 16QAM and Triangular. Second, the corresponding simulation was implemented to verify our theories. At last, we did convincing experiments to prove the good performance of Triangular with rotation coding in real free-space CAP-VLC system. In the case of low transmission speed with relatively high nonlinear impairment, data rate is about 80 Mbps and signal suffers from critical overlapping problem induced by nonlinear effect. Rotation coding could improve the performance approximately up to 0.9 dB gain of Q-factor. When the data rate was around 2 Gbps, Triangular GS-16QAM with rotation coding brought about almost 1 dB gain of Q-factor comparing to the traditional square 16QAM.
Principle
In low-speed and high-speed VLC system, there both exist linear and nonlinear impairment to constrain their performance. The normal commercial LED's modulation bandwidth is only 3 to 20 MHz [12] . With the help of pre-equalization circuit [12] , although the bandwidth of signal can be increased to 500 MHz by the sacrifice of signal's signal-noise ratio (SNR), it's still limited for high speed transmission in VLC system. Due to the limited bandwidth, there exists sorts of linear impairments, such as inter-symbol-interference (ISI), degraded signal to noise ratio (SNR) and optical multipath effect, which seriously distort the signal waveform in time-domain. In parallelly, many devices like LED and PIN are not absolute linear-electronic components. When the amplitude of current or received signal light is too high, the response of these devices becomes non-linear causing serious nonlinear damage towards signal. This is the major causation of nonlinear impairment and indicated in Fig. 3(i) .
As we all know, Shannon limit of a communication channel is the theoretical maximum information transfer rate of the channel [13] . In the system using the square QAM constellation, there is still a capacity gap to the Shannon limit, which is more substantial for the low-order QAM format such as 16QAM. For this reason, we designed a new 16QAM format named Triangular referring to the new concept geometric shaping, showed in Fig. 1(e) . Figure 1(b) shows the square 16QAM that we are currently using. The constellation is arranged by four identical 4QAM and mapped according to Gray coding. Visually speaking, 4QAM can be viewed as the component of 16QAM. We assume the four constellation points of 4QAM are a, b, c, and d showed in fig. 1(a) . For the sake of simplicity to explain the generation of square 16QAM from rectangular 4QAM, the inner region of 4QAM is filled in light blue in Fig. 1(a) as same as regular triangular constellation in Fig. 1(d) . By repeatedly shifting or flipping 4QAM, a perfect 16QAM can be easily generated at the geometric level. According the same idea that high-order QAM is composed of multiple low-order QAMs, Triangular is arranged by multiple regular triangular constellations with three constellation points a, b and c. These regular triangular constellations are the typical parts of Triangular, which is presented in Fig. 1(d) . From the angle of geometric, it's easy to produce the Triangular by repeatedly flipping a regular triangular constellation. The specific generation of Triangular is as follow: 1) Initialize a regular triangular block. For example, an initial regular triangular block filled by color of light blue is generated at first in Fig. 1 (e). 2) Flipping the initial triangular block along one edge of itself. For example, an orange block is generated by flipping the initial light-blue block along the edge bc. 3) Repeat steps (1) and (2). 4) Set 16 constellation points on the vertices of these triangular block. It's not negligible that the triangular shape of the Triangular makes itself impossible to implement Gray coding, but it can achieve quasi-Gray coding [14] . Quasi-Gray coding results in more than one-bit change when moving one constellation points to some nearest neighbors.
The dashed lines in Fig. 1 (b) and (e) represent the decision boundaries of BER estimation step. For the convenience of the following description, we denote by Y n , X n and Y tr , X tr the unit base vector pairs of the normal rectangular and triangular constellation respectively. The two base vector pairs are both perpendicular to the decision boundaries. That's also why we choose them as the unit base vectors of normal and Triangular 16QAM.
Here are the parameters of triangular GS-16QAM in Fig. 2 . Min-Euclidean distance is the minimum distance of any two constellation points. We can see that the Min-Euclidean distance of Triangular is larger than that of normal constellation. That means that Triangular has better noiseresistance than the normal one. However, the higher PAPR and unbalanced I-Q peak power make triangular more sensitive to the nonlinear effect. In our previous research, we have proved Triangular superiorly performed than the normal constellation in the most case, but worked worse under the nonlinear impairment and non-Gray coding [15] . For visible light communication, nonlinear impairment is proportional to the amplitude of the signal, so the outer ring of the constellation will be distorted more seriously by the nonlinear impairment.
In order to reduce the impact of nonlinear effect to the Triangular and square QAM constellation. We proposed the rotation coding technology. For the transmitting side, we describe the signal symbols sequence as S ∈ {0, 1, 2, . . . , 15}, which are mapped onto the 16QAM or GS-16QAM constellation by Gray or quasi-Gray mapping. Therefore, the symbols set S is mapped to the QAM constellation vector u = (u 1 , u 2 ), where u i = ±1, ±3 for Square 16QAM, and
The point x of the constellation after rotation coding is obtained by applying the rotation matrix M to u. the coded
], where θ ∈ [0, 2π] is a variable. The rotation coding of the constellation will produce significant gain in VLC channel with severe nonlinear impairment, over the non-rotation coded constellation. The detailed certification process will be highlighted below.
For the receiving side, rotation decoding is essential for error decisions if rotation coding is used in transmitting side. Denoting the received constellation vector of signal by y = (y 1 , y 2 ). The rotation decoded constellation points can be described as k = inv( M ) · y before sending to error decision part. Assuming a back-to-back communication channel, y equals to x . Hence, the rotation decoded constellation points can be calculated as following steps:
After the step of rotation decoding, the received QAM constellation is perfectly recovered to the transmitted constellation over back-to-back channel. At the same time, it also shows that rotation coding doesn't bring the extra noise and coding redundancy. But there is still a question that how rotation coding makes transmitted signals resistant to the distortion from nonlinear damage. For the sake of simplicity, we choose 4QAM and triangular part of Triangular as our research object to explain the question. Because square 16QAM and Triangular GS16QAM are arranged by 4QAM and regular triangular part respectively, so this simplified explanation is reasonable and generalized for high-order QAM constellation including 16QAM and Triangular constellation. Assuming the outer ring constellation points of normal and triangular constellation are subjected to the additive white Gaussian noise and nonlinear noise through a freespace channel. If the signal is only affected by white Gaussian noise, the shape of every received constellation points is changed form a fixed point to a circular cluster. After adding extra nonlinear noise, the shape of every cluster of constellation points will be distorted to oval, even some strange shape, especially for the points of the outer ring with high signal amplitude [16] . The 4QAM and a typical part of Triangular constellation under strong nonlinear impairment are showed in Fig. 3 (ii) and (iv). The different clusters of constellation points of 4QAM are represented by a, b, c and d. The cluster of b and a has already overlapped with that of d and c respectively in 4QAM. We can easily make a judgement from the overlap of constellation points that the bit error ratio (BER) of the 4QAM is poor. For the typical part of Triangular in Fig. 3(iv) , there exists overlap problem as well. However, if we apply rotation coding to the original constellation in advance and choose a suitable angle, the overlap of constellation is eliminated after the rotation decoding in Fig. 3 (iii) and (v). For CAP modulation with QAM format, the transmitted real-number signal sequence is generated through Hilbert transform to the complex signals, the nonlinear effect induced by the devices and channel can interfere with the function of matched filter in the demodulation part, which will generate an IQ imbalanced signal [17] . We also depicted the nonlinear VLC channel response in Fig. 3(i) . When the amplitude of signal is growing up, the response of channel will be transformed from linearity to nonlinearity, inducing IQ imbalance. So, if original constellation and rotation coded constellation are transmitted over the same nonlinear channel at a rotation angle θ, each cluster of the rotation decoded constellation will rotate itself an angle θ compared to the constellation without rotation coding. In this way, the overlap problem is subtly relieved.
Next, we explain how to choose the optimal rotation angle θ in detail. The question can also be turned into finding an optimal rotation angle that minimizes the BER during the symbol decision. Our guess is BER is the lowest when the value of BER on two base vectors is similar. First, we assume every cluster of constellations is damaged by the additive white Gaussian noise and nonlinear effects. Nonlinear noise brings IQ unbalance phenomenon and makes constellation points spread towards the horizontal direction ideally. For 4QAM in Fig. 3(iii) , we project every constellation clusters to two unit-base vectors, Y n and X n which are perpendicular to the decision boundaries, for symbol decision and BER calculation. Considering the linear noise contribution in the system is a Gaussian noise distribution, with variance σ and mean value μ, the probability distribution for each symbol of the 4QAM is shown as:
Where D i represents the probability distribution of different symbol, D x and D y are the probability distribution of different symbols projected in the two base vectors X n and Y n respectively, with their argument x i and y i that represent the projection value of constellation points into two base vectors. α i and β i are the weight constant variable. u i and σ i are mean value and the variance for the symbol with value i . Based on the assumptions above, the probability distribution in X n and Y n is the Gaussian distribution with different mean value and variance. In this case, the BER in the direction of X n can be calculated as:
Where B E R xm is the BER of mth column in the direction of X n . The m is the number of columns. (4) where σ x m1 is the standard deviation of the first cluster of mth column projected in X n . σ x m2 is the standard deviation of the second cluster of mth column projected in X n . In the same way, the BER in the direction of Y n can be expressed as
where all the meaning of the variable in the direction of Y n are as same as those of the direction of X n . The difference is all the variable belong to the symbol in nth row. The n is the number of rows. According to (4) and (5), the total BER of 4QAM is defined as:
This is the general equation used for finding the BER of 4QAM, where each strand deviations of nth row of mth column satisfy the equation as:
Finally, we minimum the BER of 4QAM by gradient descent approach, and then get the optimal θ = (45 + δ)°for 4QAM and 16QAM, where {δ ∈ [−π, π]} is an offset of angle that is nonnegligible. Because real nonlinear noise will have an initial angle offset to the horizontal direction depending on the specified devices and channel. For example, if the nonlinear effect influenced the real component instead of the imaginary component, the nonlinear offset angle δ = 90
• . If the real and the imaginary components are both damaged by nonlinear effect. The offset angle 0
• < δ < 90
• . Assuming we extend the definition of θ to π, the optimal θ = (45 + δ)
• and (135 + δ)
• , because of the symmetry of rectangular shape of 16QAM.
As for Triangular constellation, we utilize the same method to find the optimal rotation angle, but there are two differences in the derivation process that should be highlighted. First, we should also project the probability distribution of the constellation points to the non-orthogonal unit base vector X tr and Y tr , not another orthogonal vector. This is because there is a basic premise needs to be followed that the agreed unit base vector for BER decision should be perpendicular to the decision boundary. Second, the angle between the two base vectors is 60°according to the shape of Triangular constellation. And each strand deviations of nth row of mth column and rotation angle have following relationship instead of Equation (7):
By calculation, the optimal rotation angle of a typical part of Triangular constellation can be set around (30+δ)°. However, if we extend the definition of θ to π, the optimal rotation angle will be (30 + δ)°, (90 + δ)°and (150 + δ)°for Triangular constellation. In fact, if we rotate the typical part of Triangular that we used in Fig. 1(d) around the constellation point 'a' for 60°and 120°, the two produced part of Triangular can also be found in Triangular and represent as our typical part of Triangular constellation. So, if the optimal rotation angle 30°is added 60°and 120°to 90°and 150°, they are also the optimal rotation angle.
In practice, if we successfully find the best offset angle by pre-experiment for the fixed communication channel, we are able to apply rotation coding to resist a little nonlinear damage and get gratifying gain at no expense of power and bandwidth. In other word, this is a trade-off between system complexity and gain.
In the following section, we'll further demonstrate the excellent performance of rotation coding and designed Triangular constellation in CAP-VLC system with convincing simulation and experiments.
Simulation
In section 2, we have assumed the transmitted signal vector as x . In this section, we can simulate a communication system with linear and non-linear noise to verify the rotation coding's resistance to the overlap problem. Based on the above assumption, we can get the received signal vector as y = α x + n, where n = (n 1 , n 2 ) is a Gaussian distributed noise vector whose real component n i are zero means, and whose variance is Gaussian distributed independent random variables. α is nonlinear noise vector making the outer ring' shape of the constellation changed and overlapping. In addition, the amplitude of nonlinear noise depends on the amplitude of constellation points. The larger the amplitude of the constellation points are, the more severe the nonlinear damage to the signal, which causes the serious overlap problem. represents the way that we add nonlinear noise to the signal instead of simple multiplication. After rotation decoding and GS-QAM de-mapping, we get the demodulation symbols. The simulation steps are shown in Fig. 4 . Case 1 is the case of Triangular without rotation coding. There is a serious overlap problem between the outer constellation points over the simulation channel from the Fig. 4(b) of case 1. If we apply rotation coding to the constellation with the rotation angle 30°. The overlap problem is compensated to some degree and BER decreased showed from Fig. 4(c) in case 2 .
First, the BER performance of Rectangular and Triangular constellation is compared in Gaussiannoise limited channel. In this case, signal is only influenced by Gaussian white noise varying with different SNR level. Then the received signal can be simplified as y = x + n. Fig. 5(a) is the results of the comparison. When the range of SNR is higher than 11 dB, Triangular constellation always outperforms than traditional Rectangular constellation. At relatively low SNR, this superiority degrades due to the imperfect of quasi-Gray coding. In general, Triangular is proposed to improve the performance of communication system in Gaussian-noise limited channel.
Next, we investigate the optimal rotation angle in simulated communication system with both linear and nonlinear noise. The results are present in Fig. 5(b) and (c) . For the Square 16QAM constellation, the best rotation angle is 45°and 135°with 0°offset. However, when the definition of rotation angle θ ∈ [0, π], the optimal angle is 0°, 60°and 120°for the Triangular constellation because the offset angle of nonlinear noise is 30°. In Fig. (b) , the BER of 120°is the best one instead of all of 0°, 60°and 120°. That is because most of symbol error occurs in the area satisfying Gray-coding and only results in one-bit change when the rotation angle is 120°. For 60°and 0°, there will be more than one-bit change when one symbol is decided incorrectly to the next one induced by quasi-Gray coding. Subsequently, the simulation results perfectly match our theories. Fig. 6 shows the experimental setup of CAP VLC system based on silicon LED employing Triangular GS-16QAM format and rotation coding technology. At the transmitter, the original signal sequence is first generated by MATLAB from the range of 0 to 15. Then, the generated signal sequence is mapped according to 16QAM or GS-16QAM format together with rotation coding. Finally, the complex signal sequence is transferred to real signal sequence by CAP modulation. The principle of CAP modulation and demodulation have been well described in Fig. 6 . f I and f Q and orthogonal shaping filter pair with the roll-off coefficient as 0.205.
Experimental Setup
In this experiment, the signal sequence after CAP modulation is first loaded into the AWG to generate the transmitted signal. In order to broaden the bandwidth of signal in VLC, the generated signal by AWG is sent to pre-equalization circuit. After that, signal is amplified and biased with the direct current by electrical amplifier and Bias Tee, respectively. Finally, the signal is emitted by silicon-based LED for a distance of 1.2 m. A filter made by Edmund optics is used to filter out the yellow light produced by the phosphor. The signal light will have better high-frequency response after filtering out yellow light. Then, the signal light is collected by PIN and transformed to current signal amplified by a trans-impedance amplifier (TIA) and electrical amplifier. In the receiving circuit, differential receiving structure is used to constrain the common mode noise. Finally, the signal is resampled by oscilloscope and sent to MATLAB for advanced digital signal process (DSP).
At the process of offline, we set two kinds of CAP offline process. One is the low-speed offline receiver. This receiver is for the signal with bandwidth of only 20Mbps, over nonlinear free-space visible light channel. Therefore, there is no equalizer for linear and non-linear noise. The enhancement of rotation coding can be verified in this way. Another one is the high-speed offline receiver, of which aim is to compare the performance of square 16QAM and triangular constellation with rotation coding in the bandwidth limited VLC system. To compensate the linear and nonlinear noise, the Least Mean Square (LMS) adaptive filter and two-order Volterra series nonlinear filter are utilized. Pilot-tones are needed for the training of LMS [19] . There is a trade-off between complexity and equalization performance depending on the length of pilot-tones. 1000 symbols are utilized as pilot-tones in our system which causes 6% redundancy of signal sequence for digital signal processing. At last, the data sequence is recovered from equalized signal by rotation decoding and GS-QAM de-mapping.
Experimental Results and Discussion
To verify the rotation coding's enhancement for CAP-VLC system, Q factor is a perfect figure of merit for an HD code, which is defined as [20] :
Q factor ( dB) = 20 * log 10 (Q factor) Where BER is the measured bit-error ratio of received signal. erf c −1 represents the inverse of the complementary error function. we lower signal's bandwidth to 20MHz to decrease ISI damage. At the same time, the nonlinear noise is added to the system by increasing the power of transmitted signal. In this case, the main reason for signal's deterioration is from nonlinearity of system's response. Fig. 7(a) shows Q factor of the transmitted Triangular GS-16QAM signal. Fig. 7 (i) and (ii) are the transmitted and received square 16QAM constellation when the rotation angles are 90 and 120. When apply rotation coding with different angles to the CAP signal, it was found that Q factor of the signal with rotation angle as 0°, 60°and 120°are relatively higher than that of other cases. The results are as same as the simulation results when the offset angle is 30°. In addition, when the rotation angle is 30°, 90°and 150°, Q factor is relatively lower because of the overlap problem. We pick up the constellation of 90°rotation angle showed in Fig. 7(i) , there are severe overlap problem occurring between the outer constellation points, which circled by orange circle. The overlap problem is induced by nonlinear damage and compensated a little while the rotation angle is 120°showed in Fig. 7(ii) . Therefore, if we choose a suitable rotation angle for rotation coding applied to Triangular GS-16QAM constellation, the transmission quality of CAP signal is improved. According to the section 2 in this paper, the nonlinear noise in this experimental VLC system has an offset angle of 30°for Triangular constellation. If we change the communication channel, the offset angle of system will be changed as well. Compared to the case with 0°offset angle, there is up to 0.9 dB gain of Q factor with the optimal rotation angle.
We also demonstrate the enhancement of rotation coding for square 16QAM. From Fig. 7(b) , the offset angle is 0°for square 16QAM in this channel. Besides, we get the matched results with simulation that rotation coding can increase Q-factor compared to the case without rotation coding when the rotation angle is set to 45°and 135°. Fig. 7 (iii) and (iv) are the transmitted and received Triangular constellation when the rotation angles are 0 and 135. From the received constellation of rotation angle 0°showed in Fig. 7(iii) , it was obvious that the outer points' shape has been changed by nonlinear effect and overlap with their next symbol cluster. After rotation coding with rotation angle 135°, the overlap problem is alleviated to some degree showed in Fig. 7(vi) . The phenomenon is especially presented from the constellation points circled by orange circles. There is up to 1 dB gain of Q factor with the optimal rotation angle comparing to the square 16QAM with 0°offset angle.
Another experiment is to transmit CAP signals at the bitrate around 2 Gbps with linear and nonlinear post-equalization over 1.2 m free-space VLC channel. The square 16QAM, Triangular constellation with and without rotation coding are compared in our experiment. We add nonlinear impairment by rising the bias current to a relatively high level, which will cause severe nonlinear effect when peak to peak power is also high. The performance of different constellation at different bit rate is shown in Fig. 8 . when the signal's bitrate arrives to 2 Gbps, the bandwidth of the signal has reached the limitation of the experimental system's bandwidth to accommodate. However, the linear noise can still be mostly compensated by post linear equalization from the showed constellation picture. Considering system's complexity, we choose two-order Volterra filter as nonlinear filter. Limited by the low-order Volterra filter's performance, there exists some rest of nonlinear noise in the outer ring of constellation which shown in the constellation of Fig. 8 . In this case, rotation coding can enhance the performance of both square 16QAM and Triangular. But when the bitrate rises and exceed 2 Gbps, the enhancement of rotation coding is decreasing gradually because the serious linear noise become the main limit to the performance of system. There will be no clear positive effect employing rotation coding. The Triangular constellation's performance is always superior than the square 16QAM when the signal's bitrate is below 2.2 Gbps. Triangular with rotation coding can achieve around 1 dB gain of Q factor than the square 16QAM at the bitrate of 2 Gbps. Considering the quasi-Gray coding of Triangular GS-constellation, the triangular constellation's BER is worse than the square 16QAM when the bitrate of signals is more than 2.2 Gbps. Fig. 9 is BER performance versus different Vpp. When the Vpp is lower than 0.5 V, low SNR of the system will not bring about nonlinear damage after equalization. Therefore, rotation coding doesn't work and BER of Triangular is worse than square 16QAM because of quasi-Gray coding.
As Vpp rising, nonlinear damage induced IQ imbalance to damage the constellation. We can see the effect clearly from (a) and (b). Thanks to rotation coding and enough SNR for signal to transmit, Triangular with rotation coding performs best compared to other case in Fig. 9 . Nonetheless, the rotation coding cannot handle too severe and complex nonlinear impairment when the Vpp is too high. That's why there is no difference for Triangular with rotation coding or not, when Vpp is more than 1.1 V. Hence, Triangular with rotated coding can realize higher SE and better performance than the square 16QAM in CAP-VLC system with acceptable linear and nonlinear noise.
Conclusion
In this paper, we proposed and demonstrated the good performance of Triangular GS-16QAM with rotated coding in CAP-VLC system, over 1.2 m free-space channel. We theoretically derive and give the optimal rotation angle of rotation coding, whose correctness and enhancement are verified by simulation and experiments. For low-speed transmission about 80Mbps, the rotation coding can achieve up to 1 dB coding gain towards square 16QAM and Triangular constellation in a nonlinear noise limited system. For high-speed CAP-VLC system, the Triangular with rotation coding realized about 1 dB than the square 16QAM constellation at the rate of 2 Gbps.
